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Abstract 
Concrete-filled steel tube structure has advantages such as excellent deformation capacity, energy absorption and fire-
resistance. However, CFT column has the drawback of local buckling at steel tube due to the deterioration of 
confinement effect after steel tube yield. To solve the problem, CFT column system reinforced by CFRP(Carbon 
Fiber Sheets) will be introduced and the structural behaviors of CFRP reinforced columns will be compared with 
those of the current CFT columns. The main experimental parameters are diameter-thickness (D/t) and number of 
carbon FRP sheet layers.G10 specimens were prepared with the main experimental parameters. Axial compression test 
were conducted and axial behavior maximum strength capacity, and ductility capacity were analyzed between CFRP 
reinforced columns and the current CFT columns. To propose of design formula for FRP reinforced CFT columns, 
confinement effectiveness coefficient of confined concrete were proposed based on the experimental results. Finally, 
base on the coefficient, the axial design formula for FRP reinforced CFT columns were proposed and compared the 
design strength values with the experimental strength values.  
© 2011 Published by Elsevier Ltd.  
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1. Introduction 
The concrete inside CFT columns significantly improves Concrete Filled Steel Tubular (CFT) 
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columns are widely used in structures such as high-rise buildings, bridge piers etc. CFT columns have 
recently become well known because of their benefit in construction and their structural advantages. In 
terms of construction, because the steel tubes can be used as a formwork, economic effects can also be 
expected in construction fields. In terms of structural aspects, when a CFT column is subjected to an axial 
compression load, the infill concrete laterally expands and the expansion is confined by a circular steel 
tube. Consequently, the concrete filled inside circular steel tube features a 3-axis-stress, which improves 
the compressive strength of the column. The ductility capacity of CFT columns is also improved over that 
of the steel tube columns due to the infill concrete. However, the CFT column has disadvantages. In terms 
of construction, the beam-column connections for CFT frames are complicated, causing an increase in 
construction costs. In terms of structural aspects, after the yielding of steel tubes, the transverse 
confinement of a CFT frame to infill concrete is drastically reduced. Local buckling may occur at the 
steel tubes followed by the crushing of infill concrete (Sakino 1981) and the local buckling can reduce the 
strength of the CFT columns.  
Previously, reinforcement with an additional layer of steel plate was employed in construction 
engineering to mitigate the failure at the lower part of columns caused by cyclic lateral load (Xiao 2002). 
Stiffeners or steel plates were used to control the local buckling of CFT columns. However, reinforcement 
with steel plates has drawbacks; increased weight due to the additional layer of steel plate, the 
complicated process, changes in material property due to steel plate welding, and deteriorated durability 
against climatic changes. The necessity for new reinforcement materials has emerged in order to solve 
these problems. In recent years, research has been carried out on FRP strengthening for structural 
members. FRP have a high strength-to-weight ratio and high corrosion resistance. This property also 
provides a significant advantage in site handling, reducing construction cost. 
For strengthening CFT columns, additional transverse confinement by carbon fiber sheets (CFS) is 
designed for the potential plastic regions to improve the structural loading capacity. Xiao (2005) 
conducted axial and cyclic tests for the circular CFT columns confined by CFS. From the test results, 
providing additional confinement by CFS can increase axial loading and ductility capacity. For the cyclic 
tests, seismic capacity also improves because delaying local buckling occurred at the end of the column 
by additional confining CFS. Park (2009, 2010) conducted axial and cyclic tests for rectangular CFT 
columns confined by CFS. From the tests, the confinement by carbon fiber sheets delayed local buckling 
and the confining effect became obvious as the number of layers increased.   
Additional confinement of the area surrounding local buckling by carbon fiber sheets did not result in 
a significant improvement in the load capacity and stiffness of the columns. From the previous research, 
FRP composites have been used for strengthening CFT columns. This application provides the most 
effective solution for strengthening CFT columns. In this study, axial tests for the current and FRP 
confined circular CFT columns were conducted. A total of 10 specimens were prepared and tested under 
concentric axial compression loads. The main variables are depth-thickness ratio (D/t) and the number of 
CFS layers and the test results will be presented. Finally, to apply use FRP confined CFT columns in the 
construction field, the design equation for FRP confined CFT columns should be necessary. Therefore, in 
this study, The stress – strain model of concrete reinforced with carbon fiber sheets which is used in ACI 
comminute 440 was used to derive axial load capacity design formula. Finally, simplified axial design 
formula will be presented from confined concrete equation which is obtained from Xiao and Park’ data.  
2. Test plan and result 
2.1. Test plan 
10 specimens were fabricated, as shown in table 1. The main specimen parameters were depth-
2918  J.W. PARK et al. / Procedia Engineering 14 (2011) 2916–2922
thickness ratio (D/t) and the number of CFS layers. For the circular section, D/t ratios ranged from 21 to 
33. The circular steel tubes were 139.8mm in diameter and 620mm in length. The thicknesses of steel 
tubes were 3.2mm, 4.5mm and 6.6mm. The design concrete strength was 36MPa and 28-day target 
concrete strength was 37.5MPa. The yield strength and tensile strength of 3.2mm, 4.5mm and 6.6mm 
steel were 365MPa, 334MPa and 301MPa, respectively. The numbers of CFS layers confining the CFT 
columns were zero, one, and three in the test. However, one circular specimen (C4F-2) reinforced with 2 
layers of carbon fiber sheets was also fabricated to observe the behavior different from those reinforced 
with 1 and 2 layers. The design thickness and tensile strength of the carbon fiber sheets provided by the 
manufacturer were 0.111mm and 3500 MPa, respectively. 
Table 1: Parameter plan 
Types Specimen Size(mm) D/t
fy 
 (MPa) 
CFS
layers
Circular 
C3N D139.8×3.2 44 365 - 
C3F-1 D139.8×3.2 44 365 1 
C3F-3 D139.8×3.2 44 365 3 
C4N D139.8×4.5 31 334 - 
C4F-1 D139.8×4.5 31 334 1 
C4F-2 D139.8×4.5 31 334 2 
C4F-3 D139.8×4.5 31 334 3 
C6N D139.8×6.6 21 301 - 
C6F-1 D139.8×6.6 21 301 1 
C6F-3 D139.8×6.6 21 301 3 
2.2. Test setup 
The specimen setup is shown in Fig 2. Specimens were placed in a 3000kN UTM. 4 LVDTs were placed 
inside the top and bottom end plate to monitor axial deformation as shown in Fig 1. Axial deformations 
were obtained from the average value of the LVDTs at each corner. To observe lateral deformation, 4 
LVDTs were set at the middle part of the specimens as shown in Fig 1. A column load was applied at a 
very slow rate in order to carefully observe the local buckling behavior of the CFT. 
Figure 1: Test setup 
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2.3. Specimen failure procedure and Load displacement relationship  
The expansion of steel tube could be seen on the entire body of specimen. As the steel tubes expanded, 
CFS was able to confine the expansion of the steel tubes. However, when the lateral displacement reached 
the ultimate tensile strain of CFS, CFS was ruptured and the local buckling zone then gradually expanded. 
Finally the local buckling was observed as shown in Figs 2 and 3.  
(a) C6N (b) C6F-3 
Figure 2: Final failure shape of specimens 
The load-displacements of specimens are shown in Fig 3.  
(a) D/t=44 (b) D/t=31 (c) D/t=21 
Figure 3: Load-displacement curve of each specimen 
At the early loading stage, the current CFT specimen’s behavior was linear elastic up to peak load and 
then the load dropped. Finally, axial displacement increased without deterioration of the load capacity as 
constant deformation progressed. For the CFRP confined circular CFT column, the load linearly increased 
similarly to the current CFT columns. However, CFRP confined circular CFT columns had a bilinear 
curve, unlike the CFT columns. In the first linear stage, the behavior of the confined CFT was similar to 
that of the current CFT. In the second linear stage, CFRP confinement was activated and the load linearly 
increased. After maximum load point, the load dramatically dropped when CFRP was ruptured. 
3. Design formula of FRP strengthened circular Cft columns 
3.1 ACI 440 code 
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When a circular steel tube or FRP sheet is filled with concrete and is under compressive loads, while the 
concrete undergoes lateral expansion, hoop tensile force of the steel tube or FRP provides confinement 
effect and lateral confinement is distributed evenly. For circular CFT columns confined with FRP, stress-
strain curves of circular test pieces confined with FRP not those of unconfined ones should be used.  
While many studies have been conducted for the stress-strain curves of the concrete confined by FRP, the 
ACI committee 440 uses equation (1) suggested by Mander (1998). This equation was originally 
developed for confinement provided by steel jacket. 
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Here, f’cc, and f’co mean compressive strength of confined concrete, compressive strength of unconfined 
concrete. In this study, because the specimens was simultaneously confined by steel tube and FRP sheet, 
lateral confinement pressure(fl) of FRP reinforced CFT column can be expressed by equation (2). 
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Here, d is diameter of infilled concrete 
3.2 Simplified confined concrete model 
According to the precious researches (Richart 1928, Lam 2002), strength models for confined concrete 
take the following form equation (3). 
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Where, 1k  is the confinement effectiveness coefficient and the lateral pressure fl is obtained from 
equation (2) 
In this study, the confinement coefficient has been calculated based on 11 tests data on the compressive 
strength of FRP strengthened circular CFT columns from researches of Xiao(2005) and Park(2009). The 
result is expressed by equation (4). 
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3.3 Proposed axial design formula  
By using the ACI 440 codes, the axial design formula can be expressed as followings. 
cccysoc fAFAP '85.0 (5) 
Where, f’cc can be obtained from the equation (1) 
Compressive load capacity of a FRP-reinforced CFT circular column (Poc) obtained from the concrete 
model confined by FRP is as shown in equation (6). 
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cccysoc fAFAP ' (6) 
The results of each equation obtained from equation (5) and (6) are listed in table 2. 
Figure 4: Simplified confined concrete model of FRP strengthened CFT column 
Table 3: Comparison of test results and proposed equation results 
Specimen Pexp (kN) 
Poc(kN) 
(eqn 5) 
error
Poc(kN) 
(eqn 6) 
error
CCFT-2L-1 2233.0 2632.5 0.85 2356.5 0.95 
CCFT-2L-2 2266.0 2632.5 0.86 2356.5 0.96 
CCFT-4L-1 3439.0 3035.2 1.13 3057.2 1.12 
CCFT-4L-2 3438.0 3035.2 1.13 3057.2 1.12 
C3F-1 1409.2 1784.9 0.79 1563.7 0.90 
C3F-3 2062.9 2091.1 0.99 2000.4 1.03 
C4F-1 1653.3 1946.7 0.85 1748.7 0.95 
C4F-2 1839.6 2094.9 0.88 1959.0 0.94 
C4F-3 2139.3 2213.0 0.97 2168.0 0.99 
C6F-1 1833.6 2139.6 0.86 1986.1 0.92 
C6F-3 2274.6 2357.6 0.96 2378.1 0.96 
Avg   0.97  0.99 
By using confined concrete stress-strain curve, the comparative analysis with existing test data showed 
that the values obtained from the test and suggestion were similar to each other. 
4. Conclusion 
This paper presents a new CFT column system which is confined by CFRP. Additional confinement is 
provided for controlling the local buckling occurring at the surface of steel tubes. With the 10 specimens, 
axial loading tests were conducted. The main specimen parameters were the depth-thickness ratio (D/t) 
and the number of CFRP layers. The design equation was derived by using FRP and steel tube confined 
concrete compressive stress block. In summary, the following conclusions were drawn in this study. 
1) For FPR reinforced CFT column, the specimen was laterally expanded as loading intensified. As the 
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steel tubes expanded, CFS could confine the expansion of the steel tubes. However, when the lateral 
displacement reached the ultimate tensile strain of the CFS, the specimen ruptured and the local 
buckling zone then gradually expanded. 
2) CFRP confined CFT columns could significantly increased the axial loading capacity due to the 
additional confinement effect by FRP. However, ductility capacity was decreased because of FRP 
rapture and sudden deterioration in load capacity. 
3) The design formula for CFT column additionally confined with CFRP was suggested. The confined 
concrete strength model of concrete reinforced with CFRP which is used in ACI comminute 440 and 
simplified confined concrete model were also used in this study to derive axial load capacity design 
formula.  
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